Abstract: Urban ecosystem health assessments can be applied extensively in urban management to evaluate the status quo of the urban ecosystem, identify the limiting factors, identify key problems, optimize the scheme and guide ecological regulation. Regarding the multi-layer roles of urban ecosystems, urban ecosystem health should be assessed at different scales with each assessment providing a specific reference to urban management from its own viewpoint. Therefore, a novel framework of multi-scale urban ecosystem health assessment is established on global, national, regional and local scales. A demonstration of the framework is shown by using a case study in Guangzhou City, China, where urban ecosystem health assessment is conducted in the order of global, national, regional, and local scales, from macro to micro, and rough to detailed analysis. The new multi-scale framework can be utilized to generate a more comprehensive understanding of urban ecosystem health, more accurate orientation of urban development, and more feasible regulation and management programs when compared with the traditional urban ecosystem health assessment focusing at the local scale.
Introduction
As a center of production and consumption, urban ecosystems have satisfied human demands throughout most of history. Until recently, the stress of resource depletion and emission of pollutants has remained within the ecosystem's regenerative capacity, and the urban ecosystem was able to self-restore. However, with rapid urbanization, more and more intensive human activities have led to adverse environmental changes that impair societal services and jeopardize sustainability [1] . People have begun to worry about whether the urban ecosystem can support dense populations and provide sustainable services. Therefore, urban ecosystem health has become a scientific topic and a goal of urban development, which integrates the means by which human demands are satisfied with the ecosystem's ability for renewal [2, 3] .
Owing to its acceptability for managers and the general public, the concept of urban ecosystem health has been extensively applied in practical urban planning and management. Particularly, urban ecosystem health assessments have been widely conducted to comprehensively measure the operations of urban ecosystems, identify limiting factors and provide suggestions for urban management. Accelerated by practical demand, the assessment indicators [4] [5] [6] [7] [8] and methods [9] [10] [11] [12] [13] have developed quickly on a scientific foundation [14, 15] .
Reviewing this development, urban ecosystem health assessments are usually conducted on the local scale. In fact, the urban ecosystem is a typical complex open system that links closely with its surroundings through various energy and material flows as well as information circulation. Regarding this intrinsic linkage and influence within urban ecosystem itself and its wider surroundings, the urban ecosystem should be conceptualized at multiple layers. Here, the urban ecosystem plays different roles with different functions. Based on this concept, urban ecosystem health assessments at multiple scales are necessary, which will contribute to a multi-faceted understanding of urban ecosystem health status and provide more references for urban management.
In this paper, a novel framework of multi-scale urban ecosystem health assessment and its applications in management are established from the global, national, regional and local scale view points. It is established considering the concerned factors of urban ecosystem health and multi-layer roles of urban ecosystem. Following this, the paper demonstrates an application of the framework using Guangzhou City, China as a case study. The last section offers some discussion and conclusions.
Factors of Concern for Urban Ecosystem Health
Urban ecosystem health is a holistic conception that integrates various factors, such as economic development, social progress, environmental quality, and population health. Meanwhile, it not only emphasizes the current situation but also has a dynamic objective. To understand urban ecosystem health as comprehensively and concisely as possible, we explain it from three dimensions, as shown in Figure 1 .
(1) The traditional dimension lies on the horizontal axis. The concept of ecosystem health (for natural ecosystems) has developed by only focusing on the characteristics of the ecosystem itself [16] or only on services for humans [17, 18] . This has resulted in a combination of characteristics of ecosystems and services for humans [2, 3] . Therefore, the concept of urban ecosystem health naturally combines the ability to satisfy reasonable human demands and maintain its own renewal and self-generative capacity since its inception.
(2) The stress dimension lies on the eleven-five o'clock axis. A healthy urban ecosystem not only performs well in terms of structural stability and functional completeness under normal conditions, but it also has a strong ability to adapt and recover under serious threat.
(3) The temporal dimension lies on the one-seven o'clock axis. Urban ecosystem health regards the growth and development potential for the future as equally important as the current and previous health status, guided by ideas of sustainable development. Attributed to its value-driven characteristics that are strongly influenced by human perceptions [19] , urban ecosystem health should be conceptualized as a process [20, 21] , which can give us much more hope and impel us to focus more studies on the dynamic trends of health status. 
Multi-Layer Roles of Urban Ecosystems
Although urban ecosystem health is described in terms of the three dimensions in Section 2, the focus restricts only on the layer of the urban ecosystem itself. Each system has multiple roles at different layers with different functions [22] [23] [24] . Similarly, urban ecosystems can be analyzed from different layers with each analysis helping to understand and provide a special reference to urban ecosystem health from its own viewpoint (see Figure 2) .
(1) At the local layer, the urban ecosystem itself is a whole system composed of multiple subsystems and various elements. It has its own holistic structure and diverse functions with special characteristics of temporal and spatial change. Urban ecosystem health assessments can verify whether the structure is reasonable, whether different subsystems are harmonious with each other, whether its function is complete, and whether the change in trends is acceptable and sustainable.
(2) At the regional layer, different adjacent urban ecosystems interact with each other. Because of the spatial adjacency, they share similar natural conditions and culture, thus there exists an opportunity for both cooperation and completion. Good relationships among different urban ecosystems will bring environmental benefits (e.g., improving resources usage efficiency), which may further lead to improvement of its urban ecosystem health status. (4) At the global layer, international development trends and long-term systemic characteristics of human-environment relations influence every urban ecosystem [25] . Valuable experience from urban environmental management and ecological construction can contribute to improvement of the health of concerned urban ecosystems.
Multi-Scale Urban Ecosystem Health Assessment and Its Applications in Management
Combining the above-mentioned factors of urban ecosystem health and multi-layer roles of urban ecosystems, a novel framework of multi-scale urban ecosystem health assessment applications in management is established, as indicated in Figure 3 , which summarizes urban ecosystem health assessment, potential findings of urban ecosystem health assessment, and corresponding contribution for urban management on the global, national, regional and local scales.
Traditionally, the urban ecosystem health assessment is restricted to a local scale, ignoring the multi-layer roles of the urban ecosystem. Here, by analyzing urban ecosystems from multiple scales and applying the multi-scale urban ecosystem health assessment, a more comprehensive viewpoint, more accurate orientation, and more feasible program can guide urban regulation and management. The urban ecosystem health assessment can be conducted in the order of global, national, regional, and local scales, from macro to micro, and rough to detailed analysis. The analysis at larger scales can continuously guide urban management in this way. 
Case Study
Guangzhou, a city located in Guangdong Province, China, helps to illustrate the above framework in more detail. With an area of 7,434.4 km 2 , Guangzhou is a modern metropolitan region that supports a population of over 8.0 million (2010 data from [26] ). It is the political, economic, and cultural center of Guangdong Province and serves as a commercial, financial, and information center in South China. Table 1 . Multi-scale urban ecosystem health assessment for Guangzhou and its implications for management.
Scale
Global scale National scale
Results of urban ecosystem health assessment
Environmental quality is the main constraint of urban performance, especially as the air quality is low [27] .
Guangzhou and other Chinese cities like Beijing, Tianjin, and Shanghai, with relative weak health levels, are classified in the same group.Their common characteristics include high urbanization, high industrialization, and high environmental impacts. The latter is the main restriction of health levels [12] . 
Scale

Global scale National scale
Implications for Measures aiming at creatinga green city, As a regional economic center, various management eco-city, compact city, and low-carbon city in international cities are useful reference points. Holistic regulation of land use, public transportation, energy and resource efficiency, and waste treatment need be implemented.
activities arelikely to be intensified, supported by dense energy and flow of resources. Means of using energy and resourcesefficiently should be established to pursue harmony between economic development and environmental protection.
Scale
Regional scale Local scale
Results of urban ecosystem health assessment
Concrete indicators related to environmental impact are compared for Guangzhou and other cities in the Pearl River Delta. The limiting factors of Guangzhou are identified aslimited local renewable energy sources, small carrying capacity, high dependence on imported energy and resources, and large amounts of waste [28] .
The spatial distribution of health levelsin Guangzhou is revealed.The north of Guangzhou is defined as a conservation area, the middle and southern parts are defined as maintenance areas, while the south central and southwestern parts are defined as key regulation areas [29] .
Implications for management
In order to slow down the rate of energy depletion and reduce dependence on imports, relevant energy policy and efficient energy usage needs to be proposed [30] . Measures on population control and waste treatment should be strengthened to enlarge the carrying capacity. Cooperation among adjacent cities should be conducted to construct a circular economic chain and realize the optimized cost-benefit budget.
Zoning management should be implemented. Natural resources should be protected and human activities limited in northern parts of the region. Measures to improve economic productivity and energy efficiency, and maintain indigenous renewable resources should be implemented in middle and southern parts of the region. For south central and southwestern parts, more space should be allocated for environmental-friendly production, green consumption patterns should be promoted, energy demands should be reduced, and waste discharge should be reduced. a Non-specific comparison of urban ecosystem health states among Guangzhou and international cities has been done. The results are obtained from comparison among Beijing and international cities.
As demonstrated above, the urban ecosystem health assessment gradually becomes more detailed and focused at smaller scales. The results of the assessment at the macro-scale shape the rough focus at the micro-scale. At the same time, the results at the micro-scale show concrete decomposed situations and provide more applicable and acceptable suggestions for urban regulation and management.
Discussion and Conclusions
Urban ecosystem is a typical complex open system. It links closely with its surroundings through energy and material flows, information circulation, and cultural communication. The environment undoubtedly has a great impact on urban development. For a given urban ecosystem, the relationship with adjacent cities and the position in the national development scenario will contribute to an objective understanding of its urban ecosystem health status. However, it does not provide insight into the internal situation of the urban ecosystem itself. Therefore, urban ecosystem health assessment at multiple scales is necessary, through which comprehensive suggestions can be given for urban regulation and management.
Considering these demands, a novel framework of multi-scale urban ecosystem health assessment and its applications in management is established. Compared with the traditional urban ecosystem health assessment focusing on the urban ecosystem itself, by integrating situations at global, national, regional, and local scales, the new framework can provide a more comprehensive understanding of urban ecosystem health, more accurate orientation for urban development, and more feasible programs of urban regulation and management. From the macro-to micro-scales, the urban ecosystem health assessment becomes more detailed and focused, and then more applicable and acceptable suggestions can be proposed for urban management.
Only a framework of multi-scale urban ecosystem health assessment and its applications in management are established in this paper, and only the Guangzhou case study is given as a rough demonstration. Further work is required on both the theoretical and practice dimensions to amend the framework. With more applications and sufficient data, the quantitative results of urban ecosystem health assessment at different scales can be further compared, based on which more visible results and valuable references can be obtained for actual management. Because the focus and some indicators of urban ecosystem health assessment may differ with the scale of study, the information integrated needs to be analyzed carefully [31] , which can be gradually perfected with more studies.
Urban ecosystem health assessments can provide many valuable references for urban management, including status quo assessment and problem identification, optimization of urban planning and management schemes, and effect evaluation of schemes. However, it should be pointed out that many other disciplines and methods are vital for actual urban management, like system science, landscape ecology, network analysis methods, multi-objective programming methods [32] [33] [34] , ecological suitability analysis methods, sensitivity analysis methods, and cost-benefit analysis methods.
